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mum..u. Prediction of referemce ET for grass (Epq} from Blaney-Criddle
f factor for different conditiens of minimum relative humidity, sunshine
duration and day-time wind (from Doorenbos and Pruitr, 1977).

Penman {1963) and has almost always been used in this fashion since, as it Is
used later in this paper when daily calculations are discussed,

Doorenbos and Pruitt (1977) have returned to the origimal two Etage pProcess
of Penman and have expanded the empirical funectien so that it is a function
of maximum humidity, selar radiation in equivalent depth of water, daytime
wind velocity and the ratlo of day to night winds, They also utilize a
slightly revised version of the Penman equation. Their version of the Penman
Methed is:

A
A+ ¥

Lto = e

(Ra) + 3L =+ £(u) - (en - ed) )

srmnmMnoHmwmvn¢<wc=mw%mnm»ananzmn.mumaamwﬁnﬁm»baa
day=1 .

& = the slope of the saturatien vapor pressure-temperature
relationship in mb °C-1

Y = the psychrometer constant im mbh °C-1

Rn = net radiation In egquivalent depth, fn tm

£{u) = wind function = 0.27 (L + me

U = wind travel in lo day-i
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and the mean agtual Vapor pressure,

¢ = an overall correction coefficient discussed tn derail above

The reader is referred to Doorenbos and Pruitr (1977) and Jensen (1974) for
details in calevlating the sghove quantities, It is especially important thar
the wind function £{u) and the vapor pressure deficit term he ealculated as
Doorenbos and Pruict recommended. In addition, complete nosmwmnnnnw iz re-
quired in the calculation of ET, from the method of estimating Eto through
the use of grass related crop coeffieients,

A later section of this paper will discuss the estimation of daily ET for
irrigation scheduling. The Penman method will be used but the wind function
£{u), net radilation and the vapor pressure term {ea-ed) will be calculated
in a different way, The result will be the estimation of Ery and alfalfa
related crop coefficlents must be used.

ESTIMATING DAILY ET -

Estimation of crop water requirements is usually done on a dally basis for
purposes of irrigation scheduling., 1In this manner it is easy to incorporate
corrections for 4 wet soll surface or a dry soil profile, even though other
apprvaches are feasable, gee Doorenbos and Pruitt (1977). A version of the
combinatden theory such as che Penman method is presencly the only suitahle
procedure for estimating dally ET. ) . C

Penman Method, Alfalfa Basze

awmwmuBhSZmnrom.mmaomwmpmamonnwmvnmmwnnuaaomummmnmznm nnotMHHw mw
follows (Wright, 1981);: o

A
A+ oy

Etr = (Bp + ow + —l— 15,36 Wi (ea-ed) . (7

&+
where Ery = reference crop ET, alfalfa based, in cal cm~2 ¢-1.
A, ¥ are as previously defined in Eq. 6

G = 201l heat flux to the surface in cal cm~2 4-I

Rn = net radiation in cal em~2 dg-1

Wf is the wind function, dimensionless

(ea-ed) iz the vapor preasure deficit term in mb
15.36 18 & constant of uuouonn%auwpwnw in cal co=2 g~ gp~1

501l heat flux G is usually assumed to be 28ro for short term caleylarions,
see references such as Jensen (1974) or Burman et al. (1981) for detail omn
the methed of calewlating A, ¥ and vapor pressures, The caleulation of Ry,
Wt and the vapor pressure deficit term need apeclfic comment,
Net radiscion R; is not usually measured as part of a eclimatological stakion
used for irrigation scheduling. However, Rn may be estimated by the follow—
ing procedure or for an alternative appreach, see Doorenbos and Pruitt 1977,

Rp = (L -a) Rz = Rp (8}

where Ry = net radiation in cal em® d™%

147



3] 3

qagY 30 9811Fome) SiudwaIynbay I97EH uopaefrial ovya £q pajussard sjunyd
—y3z002 doad ugar L CSIVDTITITROD do2o jo UOTITUTIPP ayl ui 23uryd gofru v
gquesoada1 ,pbapg, PAoH oyl 3o 3sn Yl ‘0 = Fypur [ = By uaym 9% = Yy ey
wopreapdsurtd 3o yImoad jueyd IFWIT WL PIP L3TTTqeIeAT I83EA~TT0S JNG TemIUIH
sea uorjelodeas Pyl 0§ AIp SEA S0PJINS TFOS Y USYA SUOTIFPUCY juesaadaa

03 (6Z67) IBTam Lq pauryep soa g2y ‘3uvaiorzivon doad Teseq pazJIEIauad. oyl

*(%Z6T) uesuar puw {I/6T) "T¢ I UISUIP £q waAl® aiv

svanpasold asagy Jo SYTRIBEG CSUTFL 10 uoT1ed1aaT £q P9lIITm ST IDRJINE TTOF

ayy usys Juilandve woTIeIodRAd PISEIILUT I0F asnlpw 01 Juayofgyoos ® 8] SY

pug ‘sanisjom TT0S STGUITEAT AYI O3 BATIR[SHI ST 2NTEA 350UA JusioT3Ic0d € 5T
By fjuaa1I3eed doxd Teseq Byl sw 03 pAINFAI S} qoy azslin

(A1} Y + TIPY « N

Aq suoriTpuan
BINISTON TF0S U0 WOFIBWIOIUL PUB SIAIND doav padoTaasp ArTeiusmyaadxs wmoxy
palewyadsa aq ued Iy oyl ‘I PduUIdIST wWwoAF IF do1p Fursernates jo sasodind 207

*p3ep TEDTS0TO10933M WOIF WOTIRT

—AOTED 10 JUSTIANSESW Liq PIUTUIAIIP ST doxy pousialax Byl Jo I¥ ATTEP 93 ST

213 pue *yamoid jo elivys Julisyxs oyl 3IE do1s asnotlaed sys 10j INIFITIFO0
dois ssaTuorsuswip ¥ s7 ¥ ‘1M d01d ATTFLP ST I azagm

(tT) g 2y =3
. . 14q pouTw
—1239p 6] WIsoa$ jo 8%e3s usaTd w v gu doxd LFeq L3 doad ATTeg SUTIFETISE
00 Q00°1 {0
0'0  ¥50°T L0 <
q B MMM
35

{EMOTTOJ S€ PISn saas ,4q, PUR B,
§1USTOT3 202 Ayl “ky(°( JO SNTEA JUBISUOD T YiTA PISD Fes 1q JUSTITIFA0D Ayl

(D) { {59/ (£0z=C0g/1 + W) 0g] - }x® T°0 + 92°0 = ¥

o 'UoTIRnbe 2dL3
UOTINQTIISTP TRwWIou, SupMeTT0} Y3 WOI3 PIIEWIILT 3q BT Tg JUITITIIADD AT

SEATUOTSUINIP ‘Opoqie = 0
+{ep ayj Jo IDGEUU B 5T M PUF YIUOEW IYF Jo Iaqumu Y3 ST H alaym
(s1T) [[$2°2 + (OL/H) + WIOEINIS 90'0 + 6270 =%
t4T12qmry 2¢ e3TE3TE F0g 27U uns oyl UITA IBuwyd 01 Uk 8T OPIQTV

"0z JO UCTIBAITA UE W [ P W UT T3ABII PUTA
103 @2ie sIustofjiyeos Teiwoulfod ayl puE Jesd ayl 7o ARp 9Y3 BT {1 9I3YAM

LA(ET-9£92°2) - ,Q(OT~AL0E°T) + (A(8O-HILY™6)
1818 - ,0(50-3ST6°T) + A(£0-A9EF" 1) ~ CLL0"0 = Ma
L{0T - AEZ6'T) - ,A(L0-956°T)

(£T) + GLE0-HSTY L) - LLEETO'Q + O88T'T - €78 = "v

srk

*ouepr *AT129UTR

103 19 ®ITEFIR UG paseq sdruysudoyaersa: Teafifduc BuracITey 243 Aq panozduy
ArTeriatum Bq pinod 137 Jo SIIRUTISD IEYF piMOF (196T) 3udzay -uosEIs Sugmnad
¥ 3noySnoiyl 3uelsucs LTTIFSSaO0R 10U 3iw OpagTE Ul WITA Juote *q pue e

¢ig vig fq '® S5IUDYOTIFS03 4] 1EIUT R[] J00) PLAYTARA YITH S3IBWTISH ugwusad

coyepy 'A7I2qurY IT BITRITE Io) AIBA £oy1 soy pue uoseas Jupmold

¥ UTYITA JUB3IGUOD 10U V1B SIUIFVTIIVOD 2SeU) MOY TSMOYS taeT) AUBTIM 9T O-
= @ PUB 2Z°T = ¥ J° SBOTCA 31U} 2A78 £oyl SyEeq TEUOSERS ¥ WD e = 19

pue ze-0 = lv pesn (gLGI) uesualL pu® ayBtax  -sdoad [eTOIIWWOD o0 £7°0 5P
pesn uaaq uvlja SBY 0 OPBAIE YL ‘W 3O ydray pura ¥ 303 LIT0°0 = *q pu¥
g1+0 = M pasn {gi6T) uasuwal pur y2pap -3y yo uoridTPeAld Iyl 10F patn Uaaq
aARY SIUDTRLJI0D BS53] Jo SINTEA JupmolToF Ayl *UOSLIS duI I0F pug USTI
-pooY £ I0J SIUTISUOD FB PIEN DIIM UDTUHM 1q pue Te ‘q ‘e ‘w g <Bp jo seOTEA
posn 17 jo se1uwWIIsS? IIFTIRY :5IUITITIFR0D JETSU0) JUIS)) S2IPWIIET URWEIL

) ‘Mg pue M2 IoJ SaNTeA FO UOTESND

-51p B 103 (IgET) 'I® .39 ULWAng 99§ ‘UOCTIEIAT agnoTiied ¢ I10j SIUITVTIIV0D

voysseafes ulede eiw Mq pur ME SIURISUOD AYL AIBFINS punoxd 243l sAcqe wg
3o uoFIEASTO we ATTEDSH 3P [P WY UT T2A¥II PUA ATIEP 5% %g aJayn

D zy Mg 4+ R - Iy
sw10y 9Y3 JO S PuUe poutwralap AYTEITATdWR ufeds £ Iy uOTIDUN] PuTA UL

+Azolgpuem &7 PASD JUNTRTFFR02 dox2 a3 pue (pz = ©a)

SurT)rUTaSs JO POWISW Byl ULSAIDG -ATUIISTEUCD 31z7dmon uredy ‘a21nImisdual

iTe ATTHP WRUWFUTW 23 3@ £atiuenb sues 2yl ST Ujw PO PUE IINJEradwdd ATV
ATTep wnwixew ayy I8 einssead xodea WOTIBIRIBS BYI ST XvW B3I sasum

[q89] {uTn B 4 xeu e9) m.! B

‘pa ajRINITED 0] PISN S MOTRY UMOYS

17 uwotienbg ‘sroqe paUTIIP BT PR wWael Syl :emof70] SE polerndTen 5T {13)

19 GoIn spUL19FPA PAsTq BITERITE 10] (pa-¥a) wIdl 1IITISP sanssazd aodea oyl

+0dy Fupjrwyise o3 yovoadde sjpwIaliw up

103 {pQHT) UOENDE[ PUB ODSPI 29§ sgangeaadinsl Jutodasp ofeasae Y3 1B “qU UT

ainssa1d zodea uoTiBANIES Yl ST pa pur i UT ainjeasdwsl ite afeapar 2yl

ST ¥z ‘SUOTIEDO] SNOTIBA 2103 SINTBA JO ISTT B 203 (y/6T) UOSUIL 30s ‘utedy
rauyy uoyssexdar v jo 1dadielul pue adoTs @y3 aae lq puw le aaaya

(o) WHLg-0T X TLOTT (23 T4+ T®) = 06

;EMOTTOJ SE polewplse aq f=w PUP UQOTIETPRL BuroBIino
18u s 94y ‘suofawooy ofjfceds Foj santea ,q, PuUF B, JO TPl v I0) (4£6T)
gasuar oas ‘aurl UOTSsaafei B I0F SIVRISUCY oiw q,, PUE B, STUDTILIID0T UL

1-P W2 TED UT UOTIEIPRI IBTeS LBP ARSTD BY o8y ukwss
.08
® 0% [q & (— =| =%
E
d
$SMOTTO] S8 PIIBWEISO 29 fem uanl uf N
) 1-P z-W> TED UF uUcLIBTpeI dupodino 39u = 93
1-P z-%° TEY UT UOTIPTPRI IABMIIOUS SUTWOIUF = BY

g99TUOTSUSTTP *opaqIe = N



Jensen (1973) represented average conditions and were mostly based on ET
values obtained from soil water balance data, Figure 1 shows a generalized
crop curve using the "basgl" definition. An extensive table of growing sea-
son dates and crop cocfficlents suitable for daily iuse are presented by

Wright (1981} and Burman et al. (1981),

When available water within the root zone limits growth and ET, K5 will be
less than 1.0 and can be approximated by relationships similar to:

Ka = nlay + 1)1/[£n0201)] (19}

in which &w = the percentage of avallable water (100 when the
soil is at field capacity), and Ky = 1 when Ay = 100, and X5 poes to zere as
Ay goes to 0, This algorithm was developed for a Southern Idaho soil Jensen
et al, (1970). Since it depends on soil properties, appropriate relation-
ships for other svils should be selected, Estimates of the effects of de-
creasing seil water on ET have been presented by Denmcad aad Shaw (1962).

Increased soll evaperatlon due to rainfall or irrigation, can be estimated by:
Kg = (K] = Kei) exp (-At), K1*Ket C{20)

in which £ = the number of days after the rain or {rrigation; A » the
comblned effects of soil characteristics, evaporative demand, cte; and Kgp =
the value of K¢ at the time the rain or irrigation occurred. This alporithm
will alse vary for various soils and locations. At Kimberly, Idaho Ky way
approximated by: (0.9 - Kg) 0.8; (0.9 - Ko)0.5; and (0.9 - K¢) 0.3; for the
first, second, and third days after a raln or irrigation, respuctively Jensen
et al, {(1970).

WATER BALANCE CALCULATIONS

Seasonal {rrigation water requirement amounts are obviously very important

to the frrigation industry. In the western United States laws limir transfern
of water from irrigation to industrial or municipal use to the amount histori-
cally used for irrigation, For this reasen added importance has been given
to the measurement end estimation of ET and irrigaticn water requirements,
Most western states are experiencing legal deliberaticns concernping seasonal
irrlgacion water requirements, Some facets of this are discussed by Burman
(1979},

The development of the Blaney-Criddle method led to the publication of state-
wide atlases that show climatic data, irrigation water requirement estimates,
typical growing scasong, and in many cases irrigation efficlency estimates.
These atlases have been used for irrigation scheduling, water resource analy-
sis and water right transfers, At least three western states are now revising
the aclases. Some of these states are on the third revieion and they are
being prepared for castern states where supplemental irrigation 16 practiced,

Seasonal estimates of irrigation water are umeful in the analyais of future
regulation of water pumped from agquifers such as the Ogalla Formation. Ob-
viously, water not pumped involves no expenditure of energy and does not
further deplete the equifer. Improvements in the art and science of estimating
irrigation water requirements are important in management of these resources.

FUTURE RESEARCH AND DEVELOFMENTS
- Future water management will be greatly influenced by three majar factors,
Firstly, competition for water between agricultural, municipal and industrial

water uses will increase, Seccndly, energy avallability and cost will have a
great impact on irrigacion. Thirdly, economics will force agriculture ta

150

become more officiene in its use of resotrced IS e
irrigation na:uuﬂmsn. water and manpower in the future., fThe topica of this
paper are germailne to all of those problems. A pointed illustration of some
of these 1z the publicity given to the use ¢f pump irvigation in the zparnan
from the Qgallala aquifer formatcion, |

Stone (1977) has reviewed management techniques that can be used to increase
or decreage ET, .

A case where i1t is desirable to ineresse ET is in land application of waste-

water for treatment. Techmiques that may be applied based on future research
are altering plant reflectance, using various kinds of surface eulching, the

use of shade, vapor barriers, windbreaks, and favorable Canopy geomekry.

Many of these management techniques are discussed in detail in the ASAE Honge
graph "Modification of the Aerlal Environment of Crops" Barfield and Gerber
{1979). Much future research by plant breeders will be wevorea to tne task

‘of producing new cultivars of commercizi crops chat make more efficient uge

of water Bitoun (1979). In addition to selection for the purpose of water
use efilciency, selection will need to he bosed on crops that can use poorer
qualirty water sacisfactorily from irrigation return flows and municipal waste
water. These will both have an influence on the science and art of predice-
ing irrigation water reguirements, . .

The optimum timing and application of irrigation water has been rescurched

for many years, 1t is very likely that this will continue or even accdélerate,
In many cases muxirum yleld per unlt of wuter 22y be more fnportant than
vaximum yleld per acre, These developments will ecevtainly bave an influence
an the way irrigation water requirements are moet,

In spite of the major strides that have been made in predicting frrigacion
water requirements it {8 still far from an exact science. The results of
agrenomic and engineering experiments have to be combiped with experience

in order for good frrigation water requirement estimatés to be made. Aca-
demicia and researchers have a tremendous challenge to summarize and simplify
results so that fleld engineers, hydrologists and agronomists can use the
vast amounts cof information in a correct manner. An often overleoked task

is the education of field engineers, agronomiats, technicians in irrigacion
scheduling and others, . -

SUMMARY

Many advances In the art and science of predicting irrigetion water require-
ments have been made in the past decade. These include the emergence and
acceptance of the reference crop ET concept replacing the often ambigious
"potential ET". The additfonal ET data collected in the past 10 years has
resulted in significant improvements in erop coefficients. The concept of

a "busal" crop curve should benefit irrigation scheduling. The widespread
research technique of relating ET or {rrigation water applied to zrop yield
resulting in "production functions™ will permit the best possible management

"of scerce irrigarion water, Analysis ot a very broad based data set has

resulted in calibration of the Blandy-Criddle, radiation, Perman and pan
evaporation methods for the estimation of grass related reference crop ET,
This mudification of the Blamey-Criddle method is the most dramatic in the
history of the method. Instead of a one-step process, Blaney-Criddle
estimates can be first made for reference crop ET and then ¢rop ET can be
calculated by the use of a grass related crop coefficient. This results In
much more flexibility for the Blaney-Criddle Method, The Perman method has
been improved for the estimation of daily ET estimates using alfalfa related
reference crop ET. This is accomplished by using variable albedo, net radia-
tion and wind function coefficlents. Some states are now on their clitrd re-
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